Genomic imprinting, where an allele's expression pattern depends on its parental origin, is thought to result 2 primarily from an intragenomic evolutionary conflict. Imprinted genes are widely expressed in the brain and 3 have been linked to various phenotypes, including behaviors related to risk tolerance. In this paper, we 4 analyze a model of evolutionary bet-hedging in a system with imprinted gene expression. Previous analyses 5 of bet-hedging have shown that natural selection may favor alleles and traits that reduce reproductive 6 variance, even at the expense of reducing mean reproductive success, with the trade-off between mean and 7 variance depending on the population size. In species where the sexes have different reproductive variances, 8 this bet-hedging trade-off differs between maternally and paternally inherited alleles. Where males have the 9 higher reproductive variance, alleles are more strongly selected to reduce variance when paternally inherited 10 than when maternally inherited. We connect this result to phenotypes connected with specific imprinted 11 genes, including delay discounting and social dominance. The empirical patterns are consistent with 12 paternally expressed imprinted genes promoting risk-averse behaviors that reduce reproductive variance. 13 Conversely, maternally expressed imprinted genes promote risk-tolerant, variance-increasing behaviors. We 14 indicate how future research might further test the hypotheses suggested by our analysis.
Introduction clarify the assumptions that go into that derivation and to make subsequent derivations easier to follow. We 89 denote the mean reproductive success of alleles A 1 and A 2 , and of the population as a whole as
Here, µ k are the expected mean reproduction for allele k, α ki are the deviation of the reproductive success of 91 i th individual carrying allele k from this mean. In an infinite population of independently reproducing 92 individuals, one expects α k ≡ Mean[α ki ] = 0, but in any finite realization, this mean deviation of the realized 93 reproductive success from the expectation for allele k will typically be nonzero. 94 Without loss of generality, Frank and Slatkin set the mean reproductive success of the population, 95 q 1 µ 1 + q 2 µ 2 = 1, which corresponds to rescaling all the µ and α by the expected reproductive success of the 96 population. Equation (S2) and the assumption that the overall stochastic fluctuation in reproductive output 97 is small relative to the total population size (∆N N , or equivalently, q 1 α 1 + q 2 α 2 1), leads to
where ∆µ = µ 1 − µ 2 . The details of the derivation are reproduced in Supplementary Section S.1. The 99 derivation of equation (2) is completed when we substitute the definitions of the variances and covariances of 100 the reproductive success provided in equation (S5). The result originally obtained by Gillespie arises as a special case if we assume that the reproductive success of different individuals is uncorrelated, in which case, 102 the correlations arise purely from picking the same individual in a random sample of two individuals, and 103 ρ 1 = 1 N q 1 ρ 2 = 1 N q 2 ρ 12 = 0 .
(5)
Substituting these values into equation (2) gives
Note that if we think of the effective fitness of an allele as w e = µ − σ 2 /N , equation (6) is simply the standard 105 expression for the expected change in allele frequency under a fixed fitness difference. This effective-fitness 106 definition also suggests the potential utility of the bet-hedging effective population size N bh , indicating the 107 relative contributions of reproductive mean µ and variance σ 2 to the long-term evolutionary fate of an allele 108 under stochastic variation. In the haploid model described above, N bh = N . In general, smaller values of N bh 109 would indicate that natural selection would more strongly favor traits that reduce reproductive variance.
110
Diploidy, Imprinting, and Sex Differences 111
The first extension of this model is to a diploid system. For this and subsequent extensions, we assume fair 112 segregation in heterozygotes. The diploid analog to equation (S4) is (see derivation of supplementary 113 equation (S13) for details)
where µ ij ≡ µ ji and σ 2 ij ≡ σ 2 ji denote the scaled mean and variance of the reproductive fitness of an 115 individual carrying the alleles A i and A j . Again, using an effective fitness substitution w ij ≡ µ ij − σ 2 ij /N , we 116 can see that this equation reduces to 117 E[∆q 1 ] ≈ q 1 q 2 [q 1 (w 11 − w 12 ) + q 2 (w 12 − w 22 )] .
(8)
Note that this invokes a normalization step analogous to the one used to generate equation (S3). That is, the 118 µ and α terms are rescaled such that the mean reproductive output for the population is 1. In the diploid 119 case, it is important to keep in mind that this quantity does not correspond to the expected number of 120 offspring, rather it corresponds to the expected number of copies of the alleles passed on to the next 121 generation. Due to diploidy, µ is, therefore, one half the expected number of offspring, and σ 2 , one fourth the 122 variance in the number of offspring. These quantities correspond more closely to the mean and variance in 123 the number of copies of a given allele passed on by individuals of the given genotype. 124 We can modify our diploid result to accommodate genomic imprinting by allowing the two heterozygous 125 genotypes to have different phenotypes. From this point forward, we will use the convention that the 126 subscripts are ordered such that the first number indicates the allelic identity of the maternally inherited 127 allele, while the second indicates the identity of the paternally inherited allele. For example, µ 12 denotes the 128 mean reproductive success of an individual inheriting the A 1 allele maternally and the A 2 allele paternally. 129 The inclusion of imprinting leads to a minor modification of equation (7). Using the effective fitness 130 notation, we have (see derivation of supplementary equation (S16) for details):
E[∆q 1 ] ≈ q 1 q 2 2 (w 1 * − w 2 * ) (10) This is identical to what we get in the haploid case, but with the expected change in allele frequency reduced 138 by a factor of two. This can be understood intuitively if we consider that one half of the alleles in the 139 population have no effect on the phenotype, meaning that the efficacy of selection decreases by a factor of 140 two.
141
The final extension we consider is to sex-specific phenotypes. The result is again straightforward. In the 142 case of a 1:1 sex ratio (see derivation and discussion around supplementary equation (S20) for the more 143 general case), the expected change in allele frequency is identical to the formulas presented above, with the 144 effective mean and variance for the reproductive success given in terms of the means and variances in the two 145 sexes by
where the subscripts F and M represent the female and male phenotypes, respectively. The mean 147 reproductive success of a genotype is the average of the mean reproductive success in males and females,
148
while the reproductive variance is the sum of the male and female variances.
149
While we briefly treat the more general case in the supplementary information, we focus our analysis on 150 the case where there are equal numbers of males and female for two reasons. First, we are particularly 151 interested in applying our analysis to genomic imprinting in mammals, where population-wide sex ratios tend 152 to be close to 1:1. Second, it is possible to assume equal numbers of males and females in the model without 153 loss of generality, albeit at a cost to the interpretability of the model's parameters. From the point of view of 154 the model, an individual that leaves no offspring is no different from an individual that is never born.
155
Therefore, we can equalize the sex ratio by introducing a number of non-reproducing "ghost" individuals of 156 the less numerous sex. The null reproduction of these ghosts would then be taken into account when 157 calculating reproductive mean and variance for that sex. The drawback of that approach is that these values 158 measured in field studies need to be non-trivially transformed using the sex ratio to obtain the input 159 parameter values for the model. 160 We note that, for each of the three extensions to the model, there is no qualitative change in the analysis. 161 The expected change in allele frequency can be represented in the standard form in equation (6), where the 162 means and variances of the two alleles are given by the average values of those quantities across the various 163 states (genotype, parental origin, and sex) in which the alleles are found.
Allele Frequency Change Across Two Generations
165
The overall reproductive success of alleles after two generations can be written in a form analogous to 166 equations (3):
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where the subscript a or b refers to the first or second generation, respectively. The frequency of allele A 1 168 after two generations is then given by
The details of the derivation are provided in Supplementary section S.4.
170
In considering the long-term evolutionary outcomes, it is useful invoke our a bet-hedging effective allele 171 fitness. In the single-generation case, this was simply w = µ − σ 2 /N , and the analogous quantity for the 172 two-generation case is
Note that in this expression, the variance in the second generation is multiplied by the mean of the first 174 generation, while the variance of the first generation is multiplied by the square of the second-generation 175 mean. This is easy to understand since the second generation reproductive success fluctuations of the first 176 generation progeny are uncorrelated, leading to these second generation variances adding. Fluctuations in the 177 first generation, however, are linearly inflated by the reproductive success in the second generation, so that 178 the first generation variances getting multiplied by the square of the second generation reproductive success. 179 A numerical simulation clearly shows the asymmetry between the two generations, and is shown in Fig. 1 .
180
Two-Generation Bet-Hedging at an Imprinted Locus
181
Normally, we think of successive generations representing identical stochastic processes, and this is still true 182 for the populations we consider. However, for an allele at an imprinted locus, there is a correlation between 183 the states that an allele inhabits in subsequent generations. Specifically, an allele will only be maternally 184 inherited in the present generation if it was present in a female in the previous generation. Likewise, 185 paternally inherited alleles are always inherited from a male. This leads to interesting consequences, as we 186 now argue.
187
The logic of the analysis that follows, and presented with mathematical details in Supplementary 188 section S.5, can be grasped intuitively from consideration of equation (15). If the a terms in equation (15) 189 represent the values in males (averaged across parental origin and genotype), then the b terms will represent 190 values for paternally inherited alleles (averaged across sex and genotype). Similarly, if a represents females, b 191 will represent maternally inherited alleles. Due to the final term in equation (15), the benefits of increasing 192 mean reproduction (e.g., at the expense of increased reproductive variance) decline as the reproductive 193 variance in the previous generation increases. 194 In most species, males have a higher variance of reproductive success than females. That means that in 195 considering the fitness trade-off between increased mean and reduced variance, alleles will receive a greater 196 benefit from reducing reproductive variance when paternally inherited, while alleles will receive greater 197 benefit from increasing the mean when maternally inherited. At an imprinted locus, where alleles exhibit two 198 distinct strategies based on parental origin, natural selection will favor divergent strategies, leading to the 199 type of intragenomic conflict and evolutionary arms race observed in other imprinted systems. At the margin, 200 paternally expressed imprinted genes will favor phenotypic traits that reduce reproductive variance (at the 201 cost of reduced mean reproduction), while maternally expressed imprinted genes will favor traits that 202 increase mean reproduction (at the cost of increased reproductive variance). 203 We can make this intuitive analysis explicit by first defining the overall reproductive mean and variance 204 for an allele conditional on its being present in males or females. For allele A 1 in females,
Analogous relationships hold for allele A 2 and for males. We also have similar expressions for the 206 reproductive mean and variance conditional on parental origin. Thus, for allele A 1 when maternally
Again, the analogous expressions for A 2 and for paternally inherited alleles are straightforward.
209
The two-generation effective fitness for allele A 1 is simply the average of equation (15) over two sets of 210 alleles. The first set comprises alleles that are present in females in generation a and are maternally inherited 211 in generation b. The second set are of alleles that are present in males in generation a and are paternally 212 inherited in generation b:
The term w 2 can be similarly defined (see discussion following supplementary equation (S34) for details), 214 and, with these definitions, the expected change in allele frequency is E[∆q 1 ] ≈ q 1 q 2 (w 1 − w 2 ). In order to 215 understand the basis of the intragenomic conflict, we compare this expectation for pairs of alleles A 1 and A 2 216 in two different contexts: an imprinted locus where only the maternally inherited allele is expressed E[∆q 1 ] m , 217 and an imprinted locus where only the paternally inherited allele is expressed E[∆q 1 ] p .
218
For clarity of presentation, our analysis was restricted to the case where the alleles do not have 219 sex-specific effects on mean reproductive success (µ 1F = µ 1M and µ 2F = µ 2M ), though it is easy to relax this 220 assumption. The difference in the expected allele frequency changes is then given by
If reproductive variance is greater for males than for females, as is typically the case, then 222 E[∆q 1 ] m − E[∆q 1 ] p will have the same sign as µ 2 1 − µ 2 2 . That is, if µ 1 > µ 2 , allele A 1 will have a greater 223 advantage over allele A 2 at a maternally expressed imprinted locus than at a paternally expressed one.
224
The result can perhaps be seen more clearly if we assume that µ 2 1 − µ 2 2 ≈ 2(µ 1 − µ 2 ), which follows if µ 1 225 and µ 2 are both close to 1, and we assume that the difference in male and female reproductive variances is 226 the same for both alleles. We then have
which is our final result discussed below.
228

Results and Discussion
229
Population-genetic models of bet-hedging demonstrate that, all else being equal, natural selection will favor 230 alleles that reduce individual reproductive variance. This establishes an evolutionary trade-off between 231 reproductive mean and variance. An allele could have an evolutionary advantage, even if it leads to a 232 reduction in mean reproductive success, so long as it also provides a sufficient reduction in reproductive 233 variance. If we are talking about individual, stochastic variation in reproduction, the relative importance of 234 mean versus variance is determined by the population size, with smaller population sizes corresponding to a 235 greater evolutionary benefit to variance reduction.
236
The trade-off between mean and variance is illustrated in Figure 2 . Natural selection will favor alleles 237 that maximize w e = µ − σ 2 /N . An evolutionarily stable strategy (ESS) will be one where the only 238 evolutionarily accessible neighboring strategies would reduce w e . In the figure, that would be at the edge of 239 the accessible strategies, where the slope dµ/dσ 2 = N . The location of the ESS will depend on N , with a 240 larger population size leading to higher values of µ and σ 2 at equilibrium. The sensitivity of the location of 241 the ESS to N will depend on the shape of the boundary.
242
The analysis developed here demonstrates that the inclusion of imprinted gene expression potentially 243 disrupts this ESS. Equation (S32) shows that, if there is a difference between the variances in reproductive 244 7/31 success between the two sexes, the evolutionary trade-off between mean and variance differs between 245 maternally and paternally inherited alleles. If the reproductive variance is greater in males than in females, 246 as is typically the case, then mean reproductive success will be marginally more important for maternally 247 inherited alleles, while reproductive variance will be marginally more important for paternally inherited 248 alleles. We can see this by imagining a pair of alleles A 1 and A 2 for which E[∆q 1 ] p = 0, such that these 249 alleles would be selectively neutral at a paternally expressed imprinted locus. If the same pair of alleles were 250 instead at a maternally expressed imprinted locus, natural selection would favor whichever of the two alleles 251 had the greater value of µ, despite the fact that this allele would also have a higher value of σ 2 .
252
Thus, with genomic imprinting, we no longer have a purely stable ESS. Assuming the boundary of 253 accessible strategies is smooth, if we start at the ESS for an unimprinted locus, the population will be 254 subject to invasion by alleles at imprinted loci. If σ 2 M > σ 2 F , there will exist accessible strategies that increase 255 µ and σ 2 that will be favored by natural selection on alleles at a maternally expressed locus. Likewise, there 256 will be accessible strategies that reduce µ and σ 2 that will be favored by natural selection acting on a 257 paternally expressed locus.
258 Figure 3 illustrates how imprinting alters the conceptual model presented in Figure 2 . Sex differences in 259 reproductive variance lead to differences in the bet-hedging effective population size. Higher reproductive 260 variance in males (females) leads to a reduced bet-hedging effective population size for paternally 261 (maternally) inherited alleles. This sets the stage for an arms race, with maternally expressed imprinted 262 genes accumulating effects that increase reproductive mean and variance and paternally expressed imprinted 263 genes accumulating effects that reduce reproductive mean and variance.
264
First-Order Consequences of Second-Order Effects
265
An important caveat to this analysis is that the selection asymmetry identified here is of the order of the 266 selection difference between alleles (µ 1 − µ 2 ) divided by the population size N . The rule of thumb in 267 population genetics is that the efficacy of selection depends on the product of the strength of selection s 268 associated with a new allele and the population size N . If N s < 1, the allele is effectively neutral, because 269 the stochastic influence of genetic drift outweighs the systematic differences in reproduction due to selection. 270 From this perspective, it may seem reasonable to suspect that the selection effects described here will be too 271 modest to have any real explanatory power.
272
However, we note that this systems is somewhat different from the contexts in which this rule of thumb is 273 typically invoked. Typically, one assumes a Poisson-distributed number of offspring, giving rise to the 274 variance in the number of offspring being related to the mean reproductive success, σ 2 ≈ µ. In such a 275 situation, a O(1/N ) difference in µ is of the same order of magnitude as the σ 2 /N term in the effective 276 fitness, and one can not analyze selective advantage by considering the mean dynamics alone. In this 277 analysis, we are explicitly considering the stochastic dynamics, and our results are thus properly sensitive to 278 these possibly small differences. Note also that we are not speaking here about selection acting in opposition 279 to mutational entropy (where there are many more accessible mutations acting in opposition to the direction 280 of phenotypic change favored by selection). Rather, we start from a circumstance in which there is a 281 continuum of very nearly neutral phenotypes in the form of a fitness ridge defined by the indifference curve 282 set by the population size N . We might expect alleles to be constrained to this ridge, but following a random 283 walk along it.
284
The phenomenon described here might best be understood as introducing small, opposing biases into this 285 random walk at maternally and paternally expressed imprinted loci. Even with a small bias, we should 286 expect, over sufficient time, to see the accumulation of substantial opposing phenotypic effects. This 287 accumulation is the natural outcome of intragenomic arms races, resulting from the fact that the effects of 288 maternally and paternally expressed alleles manifest through a shared organismal phenotype. Each time a 289 mutation fixes at a maternally expressed locus that increases reproductive mean and variance, it increases 290 the opportunity for selection to favor a mutation at a paternally expressed locus that reduces them.
291
Similarly, fixation of favored allele at a paternally expressed locus increases the opportunity for selection to 292 act at a maternally expressed one.
293
While such an arms race will lead to the accumulation of opposing phenotypic effects at maternally and 294 paternally expressed imprinted loci (25), it may have only a modest effect on the wild-type reproductive 295 8/31 mean and variance, a question we do not consider here. Evidence of the escalation will primarily be in the 296 form of the large phenotypic perturbations associated with loss-of-function mutations at imprinted loci 297 affecting the trait. Specifically, the prediction is that loss-of-function mutations at maternally expressed 298 imprinted loci would result in a phenotypic shift in a direction associated with reduced reproductive variance, 299 while loss-of-function mutations at paternally expressed loci would be associated with increased reproductive 300 variance.
301
Note that the interpretation of such loss-of-function mutations is not always trivial, as the evolutionary 302 model is focused on changes of small phenotypic effect. In the wake of an evolutionary arms race, 303 loss-of-function mutations may result in a large perturbations associated with phenotypic "overshoot" (26). 304 The phenotypic consequences of major genetic perturbations should therefore be treated with caution when 305 inferring the evolutionary history of the system.
306
While this coevolutionary escalation may have little effect on the population mean phenotype (including 307 the distribution of reproductive success, risk preference profiles, etc.), the precise nature of the evolutionary 308 consequences will depend on the details of how various genes interact to construct that phenotype.
309
Depending on the genes' pleiotropic effects, evolutionary equilibrium could be characterized by the fixation 310 of maladaptive traits, including traits that are the object of the intragenomic conflict as well as 311 pleiotropically linked traits over which maternally and paternally inherited alleles share the same optimal 312 phenotype (27). Escalation may also lead to phenotypic decanalization, resulting in the persistence of 313 extreme phenotypes at high frequency in the population (28).
314
Delay Discounting and other Risk-Related Traits
315
The model developed here applies to the lifetime mean and variance of reproductive success. However, there 316 is value in identifying short-term cognitive and behavioral traits that might be expected to correlate with 317 these quantities and that are amenable to experimental manipulation. This expected correlation involves the 318 use of the term "risk" to bridge two distinct, but related, concepts. The first is behavioral risk, where a 319 particular benefit to the organism is associated with a potential cost. This cost could come in the form of 320 death or injury, or simply in the form of an opportunity or energetic cost. The second is "risk" in the sense 321 of reproductive variance. Implicit in the interpretation of our model's results that follow is the assumption 322 that there is a causal relationship between behavioral risk and reproductive risk. For example, a behavior 323 that involves an increased risk of premature death will increase the probability that that individual produces 324 no additional offspring. A behavior that has the possibility of increasing or decreasing an individual's social 325 status may increase or decrease it's future reproductive output, thereby increasing that individual's 326 reproductive variance.
327
In general, we expect increased reproductive mean and variance to be positively correlated with the 328 pursuit of high-risk, high-reward behavioral strategies. In that case, maternally expressed imprinted genes 329 are expected to favor these high-risk strategies, while paternally expressed imprinted genes will favor 330 risk-averse behaviors that lead to more modest, but more certain, rewards.
331
Delay discounting is one model for probing behavioral risk preferences. In a typical experiment, an 332 individual makes a choice between receiving a small reward that is delivered immediately and a larger reward 333 that is delivered with some delay. As that delay increases, the individual becomes less and less likely to 334 choose the larger reward. The connection to risk follows from the assumption that, in the natural 335 environment, a delayed reward is a less-certain reward. Waiting for a delayed reward increases the possibility 336 that the reward will be lost (e.g., to a competitor), or that the individual will be placed in danger (e.g., due 337 to predation). The probability of choosing the larger reward, as a function of the time delay, defines the 338 individual's "delay-discount function."
339
Within the delay-discounting context, the model predicts that maternally expressed alleles should favor 340 greater willingness to wait for a larger reward, even if that waiting imposes risk. That is, these alleles will 341 favor a shallower, or less-steep, discount function. Conversely, paternally expressed alleles will favor a steeper 342 discount function, corresponding to less willingness to tolerate a delay in order to secure the larger reward. 343 The effects of two imprinted genes, Nesp and Grb10, on delay discounting in mice have found effects that 344 are consistent with these predictions (see Figure 4 ). Nesp encodes a maternally expressed transcript within 345 the complex imprinted Gnas locus (29) and is expressed primarily in the hypothalamus and midbrain (11). 346 Dent et al. (14) characterized the delay-discounting behavior in mice whose maternally inherited Nesp allele 347 had been inactivated by a targeted genetic deletion. The result was that these mice were less willing to wait 348 for a larger, delayed reward compared with controls. In the risk interpretation of delay discounting, the loss 349 of maternally expressed Nesp resulted in more risk-averse behavior, consistent with the model's predictions 350 that maternally inherited alleles would be selected to favor greater risk tolerance.
351
In an analogous set of experiments, Dent et al. (15) analyzed the delay-discounting behavior in mice 352 whose paternal expression of Grb10 had been eliminated in the brain. Grb10 is maternally expressed during 353 development, and in peripheral tissues in adults, but is expressed exclusively from the paternally inherited 354 allele in the central nervous system (30, 12) . Elimination of expression from the paternally inherited allele 355 was found to increase willingness to wait for a larger, delayed reward. This result is consistent with Grb10 356 having been selected to favor more risk-averse behaviors when paternally inherited.
357
Nesp and Grb10 have also been associated with other risk-related behaviors Nesp has also been 358 associated with reactivity to novel environments, with maternal null mice showing increased activity when 359 placed in a novel environment, but a reduced willingness to explore when given a choice between novel and 360 familiar environments (11). This is potentially consistent with a role for maternally expressed Nesp in 361 promoting risk-tolerant behaviors, in this case a willingness to explore an unfamiliar environment.
362
Elimination of paternal expression of Grb10 results in a specific increase in social dominance 363 behavior (12), as does an increase in the expression of the maternally expressed Cdkn1c gene in the 364 brain (13). Assertion of social dominance can be interpreted as a high-risk behavioral strategy, as it may lead 365 to increased reproductive success (if the animal achieves social dominance), or may lead to negative 366 reproductive consequences as a result of social conflict. This is consistent with natural selection acting in 367 opposite directions in these oppositely imprinted genes. Paternally expressed Grb10 in the brain has been 368 selected to reduce risky, variance-increasing social dominance behavior, whereas maternally expressed Cdkn1c 369 has been selected to enhance social dominance behavior.
370
Two paternally expressed imprinted genes, Peg1/Mest and Peg3, have been associated with maternal 371 behavior towards offspring (9, 10). In both cases, loss of paternal expression of the gene in the brains of 372 adult females leads to deficits in specific maternal-care behaviors, including nest building and pup retrieval. 373 One interpretation of maternal care behavior is that it modulates a trade-off between number and quality of 374 offspring. A reduction in maternal care would allow the mother to focus her resources on producing her next 375 litter, at the expense of increasing the probability that pups in her current litter do not survive, thereby 376 potentially increasing both the mean and variance of her reproductive output. That would imply that the 377 normal function of these paternally expressed genes in the female adult brain is to reduce reproductive 378 variance by focusing resources on ensuring the survival of a smaller number of offspring.
379
Other Evolutionary Explanations of Behavioral Effects of Imprinted Genes 380 Several proposals for the basis of the evolution of imprinted gene expression in the brain have been put 381 forward. In general, the models are consistent with at least a subset of the empirical data. The coadaptation 382 theory of imprinting proposes a synergistic matching of phenotypes between offspring and mothers, including, 383 potentially, maternal behaviors (31). Sex-biased dispersal will create relatedness asymmetries within local 384 social groups, which can then generate asymmetric selection on incest avoidance (32), maternal care (33), 385 and on dispersal behavior itself (34, 35) . More generally, demographic and social structures will lead to 386 intragenomic conflict over helping behaviors, including maternal care, alloparenting, and generalized 387 altruism (36, 37, 38) .
388
Determining which proposal, or combination of proposals, is best able to account for the cognitive and 389 behavioral effects of imprinted genes is difficult at the moment. Behavioral phenotypes are complex, sensitive 390 to context, and shaped by interactions among various genetic and environmental factors that are not fully 391 understood. The fitness effects associated with specific behaviors may also depend on complex social and 392 environmental patterns that may or may not be adequately reproduced in the laboratory setting. While there is widespread imprinted gene expression in the mammalian central nervous system, imprinted 400 genes are best known for their effects on early growth and development, particularly during pregnancy. In 401 the context of fetal growth, the selection asymmetry derives from two stylized facts: 1) the resources 402 supporting early growth come preferentially from the mother, and 2) offspring of the same mother may have 403 different fathers. While the magnitudes of these underlying asymmetries may have varied over time, their 404 polarity has likely been constant over the history of mammals. The result is a selection asymmetry on 405 maternally and paternally inherited alleles that has been sufficiently strong and persistent to drive the 406 evolution of the molecular machinery of imprinting and the acquisition of imprinted gene expression at 407 dozens to hundreds of loci.
408
The strength of the selection asymmetry in fetal growth is likely due to the fact that relatively modest 409 alterations to resource allocation early in development can have large effects on an offspring's growth, 410 survival, and eventual reproduction. By contrast, the selection asymmetry on gene expression in the central 411 nervous system is likely much more subtle. While there is a relatively straightforward connection between, 412 say, growth-factor expression in the placenta and the acquisition of maternal resources, gene expression in 413 the adult brain has its fitness effects via complex behavioral, social, and demographic structures.
414
It seems unlikely, then, that selection asymmetries on maternally and paternally inherited alleles 415 expressed in the central nervous system would be strong and persistent enough to drive the acquisition of 416 imprinting at a previously unimprinted locus. Indeed, we find that the imprinted genes expressed in the 417 brain are largely a subset of those expressed in fetal and placental tissues. The few exceptions (e.g., Nesp 418 and paternal expression of Grb10 ) are transcripts produced from complex loci where most imprinted 419 transcripts are expressed in early development.
420
This pattern is consistent with a "growth-first" model of imprinting evolution (39), where the relatively 421 large intragenomic conflict associated with prenatal growth drives the acquisition of imprinted gene 422 expression at individual loci. Once a locus has become imprinted, the evolution of its expression and the 423 function of its gene product(s) are shaped by different selection pressures than the rest of the (unimprinted) 424 loci in the genome. More subtle selection asymmetries may alter the timing, level, and location of expression 425 in ways that differ for maternally and paternally expressed loci. These imprinted genes may gradually modify 426 their functions and/or acquire new functions in a way that enhances the evolutionary success of the 427 expressed allele.
428
It may be that, "Why have genes affecting traits like risk become imprinted in the brain?" is the wrong 429 way to ask the question. These genes likely became imprinted because of their effects on fetal growth, and 430 they may or may not have had their current behavioral effects at that time. The better question may be, 431 "Why have these imprinted genes in the brain become associated systematic effects on risk (and other 432 behaviors)?" This framing points to the value of comparative analyses across taxa. If we look in the brains of 433 species without imprinting (or where imprinting is at least less prevalent), do these genes play analogous 434 developmental roles? Are they expressed in the brain? If so, do they have similar effects on cognition and 435 behavior? Answering these questions will allow us to better understand the evolutionary sequence leading to 436 the current state.
437
Empirical Predictions and Tests
438
Ultimately, the value of any evolutionary model is determined by its capacity for making sense of empirical 439 patterns. The model developed here has the potential to make sense of imprinted gene effects on risk-related 440 behaviors. There is an emerging pattern where alleles at maternally expressed imprinted loci favor greater 441 risk tolerance, while paternally expressed loci favor risk aversion. This pattern is not yet as extensive or 442 robust as, say, the pattern of fetal growth effects of imprinted genes. Further genetic and behavioral work 443 will be required to determine the generality of the patterns in terms of both number of loci and taxonomic 444 breadth. 445 
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An advantage of this model is that it depends on a pattern that is widespread and that has likely been 446 common over the necessary evolutionary timescale: the asymmetry between male and female reproductive 447 variances. Due to the subtlety of the selection asymmetry, the underlying variance asymmetry needs to have 448 existed consistently for a long time in order for the arms race to have driven the accumulation of significant 449 imprinted gene effects on the target phenotype. Among mammals, this variance asymmetry has likely been 450 consistent and nearly universal.
451
Exceptions to the pattern of variance asymmetry provide opportunities for hypothesis testing. For 452 example, the naked mole-rat, Heterocephalus glaber, exhibits a division of reproductive labor somewhat like 453 that found in eusocial insects (40). Colonies consist of dozens to hundreds of individuals, but have only a 454 single breeding female. Male reproduction is also skewed, but not to the same degree, with 1-3 breeding 455 males per colony, and a more rapid turnover of breeding males than breeding females (41). The naked 456 mole-rat is therefore a rare example of a mammal in which females likely have a higher reproductive variance 457 than males. In this lineage, then, we would expect the direction of the selection asymmetry over risk-related 458 behaviors to have been reversed.
459
Differences in the magnitude of the variance asymmetry between pairs of closely related species also 460 provide opportunities for hypothesis testing. The expectation is that the larger the difference between male 461 and female reproductive variance, the more intense the arms race. While a high-asymmetry species and a 462 low-asymmetry species may have similar risk profiles, the two would be the result of different balances of 463 underlying imprinted gene effects. A high-asymmetry species would have a balance between genes of large 464 effect, while a low-asymmetry species would have a balance between genes of small effect.
465
If such pairs of species can be identified, the model developed here would make predictions regarding 466 reciprocal heterosis in the risk preferences of hybrid offspring. For example, if a male from a high-asymmetry 467 species were crossed with a female from a low-asymmetry species, we would expect the offspring to inherit 468 paternally expressed alleles of large effect, and maternally expressed alleles of small effect. Because 469 maternally expressed imprinted genes are predicted to promote risk tolerance, while paternally expressed 470 imprinted genes will promote risk aversion, we should expect these hybrids to exhibit a risk-averse phenotype. 471 The reciprocal cross (of a low-asymmetry female with a high-asymmetry male) would be expected to be more 472 risk tolerant.
473
The power of the empirical tests described here depends not only on the identification and 474 characterization of species conforming to specific demographic profiles, but also on the evolutionary lability 475 of the genes and traits in question. As we noted early in the discussion, the selective pressure described here 476 is weak, and we expect it to lead to the accumulation of measurable genetic and phenotypic traits only long 477 evolutionary times. If the pattern of reproductive variance in a species changes, it may take considerable 478 time for that change to be reflected in the function or expression of imprinted genes that affect risk. While 479 the naked mole-rat may have a reproductive variance that is higher in females than in males, mole-rats in Our analysis identifies a novel basis for intragenomic conflict over the evolutionary trade-off between 486 reproductive mean and variance. When males have a higher variance of reproductive success than females, as 487 is commonly the case, alleles are more strongly selected to reduce reproductive variance when paternally 488 inherited than maternally inherited. We have connected this result to empirical data on imprinted gene 489 effects on risk-related behaviors. Consistent with the predictions of the model, there is a trend in which 490 paternally expressed genes favor risk-averse behaviors, while maternally expressed genes favor more risk 491 tolerance. Additional comparative and molecular data will be required in order to fully evaluate the extent 492 to which this conflict can account for the taxonomic and phenotypic distribution of imprinted gene effects in 493 the brain. Figure 1 Two-generation fitness evaluated numerically. Two alleles are considered. Allele A 1 has a mean 504 reproductive success of µ 1 and variance σ 2 1 = 20 in the first generation, and mean µ 2 and variance σ 2 2 = 1.01 505 in the second. Allele A 2 is like Allele A 1 , but with generations one and two interchanged. In all cases, 506 (µ 1 + µ 2 )/2 = 1. For various values of µ 1 − µ 2 plotted along the abscissa, 10,000,000 populations of size 1000, 507 consisting initially of equal numbers of the two alleles, were simulated. The solid line is the expected 508 frequency of A 1 using the effective fitnesses from equation (15). The dark dashed line is the mean A 1 allele 509 frequency after two generations. The error bars are the 2-sigma confidence intervals on the mean. The bet-hedging trade-off between mean and variance leading to N-dependent Evolutionary 511 Stable Strategies (ESS). This figure illustrates the trade-off between reproductive mean and variance. 512 The plot represents the hypothetical space of combinations of reproductive mean and variance. Natural 513 selection will favor traits that increase the mean µ (shift the phenotype to the right in the figure) and traits 514 that reduce the variance σ 2 (shift the phenotype down in the figure). Selection will be neutral with respect 515 to traits that increase the mean and variance (or decrease the mean and variance) in a proportion set by the 516 population size: when ∆µ = N ∆σ 2 . These indifference curves are indicated for small and large N by dashed 517 lines. The shaded area represents the combinations of µ and σ 2 that are evolutionarily accessible, while the 518 unshaded area represents phenotypes that are inaccessible due to developmental, energetic, environmental, or 519 other constraints. The evolutionarily stable strategy in such a system will be a point on the boundary of the 520 set of accessible states where the slope of the boundary is N , as this is the point in the figure that maximizes 521 the effective fitness w e = µ − σ 2 /N . indifference curves are strategies that would be favored by alleles at a maternally expressed locus, but not a 527 paternally expressed one (or vice versa). Under higher male reproductive variance, the strategies favored only 528 at maternally expressed loci are associated with increased reproductive mean and variance, while strategies 529 favored only at paternally expressed loci are associated with reduced reproductive mean and variance. Intragenomic conflict over delay discounting. This figure schematically illustrates the effect of 531 imprinted genes on delay discounting behavior in mice. The solid line represents wild-type discounting 532 behavior. Mice choose between a small reward that is received immediately and a larger reward that is 533 received after some delay. The longer the delay, the less likely the larger, delayed reward will be chosen. We recapitulate briefly the derivation of equation (2) to explain the notation and to clarify the assumptions 680 that go into that derivation. For ease of comparison, we follow the nomenclature of Frank and Slatkin. The 681 mean reproductive success of alleles A 1 and A 2 , and of the population as a whole can be written as
(S1)
Here, µ k are the expected mean reproduction for allele k, α ki are the deviation of the reproductive success of 683 i th individual carrying allele k from this mean, and α k ≡ Mean[α ki ] represent the mean deviation of the 684 realized reproductive success from the expectation for allele k.
685
The frequency q 1 of the A 1 allele in the next generation is given by q 1 = q 1 R 1 /R. The expected change in 686 the frequency of the A 1 allele, is simply E[∆q 1 ] = E[q 1 ] − q 1 . Substituting the relations from equations (S1) 687 and using q 1 + q 2 = 1, we have
Without loss of generality, Frank and Slatkin set q 1 µ 1 + q 2 µ 2 = 1, which corresponds to rescaling the µ and 689 α by the expected reproductive success of the population. Equation (S2) then reduces to
The trouble in evaluating equation (S3) comes from the fact that there is not a general solution for the 691 expectation of a ratio. However, provided that the overall stochastic fluctuation in reproductive output is 692 small relative to the total population size (∆N N , or equivalently, q 1 α 1 + q 2 α 2 1), we can approximate 693 it as
One potentially confusing aspect of this derivation arises from the fact that we are considering two 695 different types of mean value. The first, represented by α 1 and α 2 , is an average across individuals, but 696 limited to a single realization of the stochastic process undergone by the population as a whole. The second, 697 represented by the expectation operator E[. . .], is a mean taken over many hypothetical realizations of the 698 reproductive process of the entire population. While α 1 and α 2 could each take on either positive or negative 699 values in any single realization, these quantities are defined such that E[α 1 ] = E[α 2 ] = 0. The higher 700 moments of these fluctuations are, however, not zero:
where V ar[R k ] and Cov[R 1 , R 2 ] represent the variance of R k and the covariance of R 1 with R 2 , respectively. 702 With this in mind, we can now take the expectation of each of the terms in equation (S4). We can also 703 simplify notation by introducing ∆µ = µ 1 − µ 2 . This gives 704 E[∆q 1 ] = q 1 q 2 (∆µ + q 1 (q 1 ∆µ − 1)E[α 2 1 ] + (q 1 − q 2 + 2 q 1 q 2 ∆µ)E[α 1 α 2 ] + q 2 (q 2 ∆µ + 1)E[α 2 2 ]) + O(α 3 ) .
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To arrive at their final expression, Frank and Slatkin make the further assumption that ∆µ is small.
705
Equation (S4) then reduces to
S.2 Diploid Model
707
For the diploid analog of the Frank and Slatkin model, we begin with the reproductive success of the three 708 genotypes. For simplicity, we assume a well mixed population at Hardy-Weinberg equilibrium.
From this, we can calculate the reproductive success of the two alleles:
Note that in these expressions , we have split the α 12 term into two components. In the previous expression, 711 α 12 represents the deviation of the number of offspring from the mean for R 12 individuals. Assuming fair 712 segregation, we the expected number of those offspring to carry the A 1 an A 2 alleles will be equal α 12·1 713 represents the excess number of offspring to inherit an A 1 allele from an R 12 parent (and α 12·2 the excess 714 inheriting A 2 ). The quantity µ 12 /2 + α 12·1 is distributed as a binomial B(µ 12 + α 12 , 1/2), and 715 α 12·2 = α 12 − α 12·1 .
716
Now we can write our expression for the expected change in allele frequency 717 E[∆q 1 ] = q 1 q 2 E q 1 (µ 11 + α 11 ) + q 2 (µ 12 + 2 α 12·1 ) − q 1 (µ 12 + 2 α 12·2 ) − q 2 (µ 22 + α 22 ) 1 + q 2 1 α 11 + 2q 1 q 2 α 12 + q 2 2 α 22 (S10)
where we have again normalized by the total expected reproductive output by setting 718 q 2 1 µ 11 + 2q 1 q 2 µ 12 + q 2 2 µ 22 = 1. As in the haploid case, we assume that the fluctuation ∆N is small 719 compared with the total population size N . This allows us to approximate this ratio as
We again assume that the reproductive success of different individuals is uncorrelated, and we additionally 721 assume that the population is at Hardy-Weinberg equilibrium. In this case, the non-zero variance and 2N q 1 q 2 (S12)
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The approximation for the change in allele frequency then reduces to
Note that, as in the haploid analysis, if we define the effective fitness of a genotype as w e = µ − σ 2 /N , this 725 reduces to the standard formula. Furthermore, if allelic effects on reproductive mean and variance are 726 additive, it reduces to the haploid equation.
727
S.3 Genomic Imprinting
728
Treatment of the general diploid case with genomic imprinting requires the addition of the fact that the two 729 heterozogous genotypes may have different phenotypes. To accommodate this, we modify our notation such 730 that two-number subscripts are ordered, with the first number indicating the identity of the maternally 731 inherited allele and the second number indicating the identity of the paternally inherited allele. For example 732 µ 12 now represents the mean reproductive success of heterozogous individuals whose A 1 allele was maternally 733 inherited and whose A 2 allele was paternally inherited. 734 We now have four expressions for the mean reproductive output in a given generation:
The corresponding expressions for the reproductive output of the two alleles are
Once again, we assume that the fluctuations in total reproductive output are small compared with the 737 population size, and that individual reproductive outputs are uncorrelated. The expected change in allele 738 frequency then becomes
N (S16) The result is virtually identical to what we found in the diploid case (without imprinting), with the mean 740 and variance of the heterozygotes' reproductive output being replaced by the averages of the means and 741 variances of the two different heterozygotes. That is, we once again recover the standard expression for the 742 change in allele frequency if we define effective fitnesses as w 11 = µ 11 − σ 2 11 /N , w 22 = µ 22 − σ 2 22 /N , and 743 w 12 = (µ 12 + µ 21 )/2 − (σ 2 12 + σ 2 21 )/(2N ).
744
Often, genomic imprinting involves the transcriptional silencing of one of the two alleles, such that the 745 phenotype of the individual depends only on the maternally inherited (or paternally inherited) allele. For 746 example, if we were considering an imprinted locus with expression only from the maternally inherited allele, 747 24/31 we would only need to consider two values of reproductive mean and variance: µ 1 * , µ 2 * , σ 2 1 * , and σ 2 2 * , where 748 * indicates either allele. Equation (S16) then reduces to
which is identical to the haploid result, except that the expected change in allele frequency is reduced by a 750 factor of two.
751
Two Sexes
752
We now consider the case where our diploid model has two sexes, in which the same genotype may be 753 associated with different means and variances of reproductive success. To indicate the two sexes, we will 754 include an additional subscript of F or M to each of the variables previously introduced. As before, we start 755 with the mean reproductive success of each type in the population:
Because the total reproductive output of males and females in the population must be equal, the allele 757 frequency in the next generation will simply be the average of the frequencies of the alleles passed on by 758 males and females. Assuming that mating and sex determination are both independent of the genotype at 759 this locus, this means that we can analyze the two sexes separately. That is,
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where the E[∆q 1 ] * terms have the same form as equation (S16 
Recall that our earlier analysis involved normalizing the mean and variance by the total expected 763 reproductive output E [R] . In this analysis, that normalization happened separately for males and females. 764 That is, if we want to interpret µ and σ 2 as the mean and variance of the number of offspring, we would need 765 to make the following changes:
We will not make that substitution here, since the separately normalized versions of µ and σ 2 correspond 767 more closely with our intuitive notions of relative fitness.
768
Our analysis will focus on the case where the sex ratio is 1:1 (N F = N M ), however, we pause to note a 769 few interesting features of equation (S20). First, the effective mean reproductive success of a genotype is 770 simply the arithmetic mean of the genotype's relative fitness in males and females: µ * = (µ * F + µ * M )/2.
771
The effective reproductive variance of a genotype, by contrast, is a weighted average that depends more 772 heavily on the reproductive variance in the rarer sex.
Note that this also means that selection will favor bet-hedging phenotypes more in the rarer sex. Given that 774 the benefits of variance reduction are greater in smaller population sizes, this is not surprising. In the case of 775 a 1:1 sex ratio, these effective mean and variance terms can be substituted to recover equation (S16).
776
S.4 Two-generation model 777
The frequency of allele A 1 after two generations follows from equation (13) and is given by
In order to simplify this expression, we introduce the following definitions:
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Substituting this notation into equation (S23) gives us an expression for the change in allele frequency after 780 two generations:
In this form, we can see that equation (S25) is analogous to equation (2). The expected reproductive 782 success of alleles A 1 and A 2 is µ 1a µ 1b and µ 1a µ 1b , respectively. The terms ξ 1 and ξ 2 are the deviations from 783 those mean values. We scale µ ab to one as before, and we assume that the difference between the means is 784 small (|µ 1a µ 1b − µ 2a µ 2b | 1) and that the total stochastic deviation is small relative to the mean 785 (|q 1 ξ 1 + q 2 ξ 2 | 1). We also restrict our analysis to the case where the reproductive success of different 786 individuals is uncorrelated. The expected value of the change in allele frequency is then given approximately 787 by
Substituting the relationships from equation (S24) back in and taking the expectations, as above, yields
where the primes denote the allele frequencies in the intermediate generation, and we have discarded terms of 790 order 1/N 2 . Recognizing the fact that q 1 ≈ µ 1a q 1 to the required order, this further reduces to
792
The logic of the analysis that follows can be grasped intuitively from consideration of equation (15). If the a 793 terms in equation (15) represent the values in males (averaged across parental origin and genotype), then the 794 b terms will represent values for paternally inherited alleles (averaged across sex and genotype). Similarly, if 795 a represents females, b will represent maternally inherited alleles. Due to the final term in equation (15), the 796 benefits of increasing mean reproduction (e.g., at the expense of increased reproductive variance) decline as 797 the reproductive variance in the previous generation increases. 798 In most species, males have a higher variance of reproductive success than females. That means that in 799 considering the fitness trade-off between increased mean and reduced variance, alleles will receive a greater 800 benefit from reducing reproductive variance when paternally inherited, while alleles will receive greater 801 benefit from increasing the mean when maternally inherited. At an imprinted locus, where alleles exhibit two 802 distinct strategies based on parental origin, natural selection will favor divergent strategies, leading to the 803 type of intragenomic conflict and evolutionary arms race observed in other imprinted systems. At the margin, 804 paternally expressed imprinted genes will favor phenotypic traits that reduce reproductive variance (at the 805 cost of reduced mean reproduction), while maternally expressed imprinted genes will favor traits that 806 increase mean reproduction (at the cost of increased reproductive variance). 807 We can make this intuitive analysis explicit by first defining the overall reproductive mean and variance 808 for an allele conditional on its being present in males or females. For allele A 1 in females, 
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813
The two-generation effective fitness for allele A 1 is simply the average of equation (15) over two sets of 814 alleles. The first is alleles that are present in females in generation a and are maternally inherited in 815 generation b. The second is alleles that are present in males in generation a and are paternally inherited in 816 generation b:
The term w 2 can be similarly defined (see discussion following supplementary equation (S34) for details), 818 and, with these definitions, the expected change in allele frequency is E[∆q 1 ] ≈ q 1 q 2 (w 1 − w 2 ). In order to 819 understand the basis of the intragenomic conflict, we compare this expectation for pairs of alleles A 1 and A 2 820 in two different contexts: an imprinted locus where only the maternally inherited allele is expressed E[∆q 1 ] m , 821 and an imprinted locus where only the paternally inherited allele is expressed E[∆q 1 ] p .
822
For clarity of presentation, our analysis is restricted to the case where the alleles do not have sex-specific 823 effects on mean reproductive success (µ 1F = µ 1M and µ 2F = µ 2M ), though it is easy to relax this 824 assumption. The difference in the expected allele frequency changes is then given by
If reproductive variance is greater for males than for females, as is typically the case, then 826 E[∆q 1 ] m − E[∆q 1 ] p will have the same sign as µ 2 1 − µ 2 2 . That is, if µ 1 > µ 2 , allele A 1 will have a greater 827 advantage over allele A 2 at a maternally expressed imprinted locus than at a paternally expressed one.
828
The result can perhaps be seen more clearly if we assume that µ 2 1 − µ 2 2 ≈ 2(µ 1 − µ 2 ), which follows if µ 1 829 and µ 2 are both close to 1, and we assume that the difference in male and female reproductive variances is 830 the same for both alleles. We then have
832
S.5 Two-Generation Model with Imprinting
833
Here we derive our expression for the expected change in allele frequency E[∆q 1 ] = q 1 q 2 (w 1 − w 2 ), starting 834 from the two-generation effective fitness expressions provided by equation (S31) in the main text and 835 reproduced here:
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The terms µ 1F , µ 1M , µ 2F , and µ 2M are the mean reproductive success of alleles A 1 and A 2 in females and 837 males, averaged across genotypes. The analogous σ 2 terms are the corresponding reproductive variances.
The term µ 1 * represents the mean reproductive success of maternally inherited A 1 alleles, averaged across 839 genotypes and sexes, while µ * 1 is the mean reproductive success of paternally inherited A 1 alleles. The 840 corresponding values for A 2 are given by µ 2 * and µ * 2 , and again the analogous σ 2 terms are the 841 corresponding reproductive variances. 842 µ 1 * = q 1 2 (µ 11F + µ 11M ) + q 2 2 (µ 12F + µ 12M ) = q 1 µ 11 + q 2 µ 12 µ 2 * = q 2 µ 22 + q 1 µ 21 µ * 1 = q 1 µ 11 + q 2 µ 21 µ * 2 = q 2 µ 22 + q 1 µ 12 σ 2 1 * = q 1 σ 2 11F + σ 2 11M + q 2 σ 2 12F + σ 2 12M = q 1 σ 2 11 + q 2 σ 2 12 σ 2 2 * = q 2 σ 2 22 + q 1 σ 2 21 σ 2 * 1 = q 1 σ 2 11 + q 2 σ 2 21 σ 2 * 2 = q 2 σ 2 22 + q 1 σ 2 12 (S36)
In order to focus our analysis specifically on imprinted gene effects, we will make the simplifying 843 assumption that the alleles do not have sex-specific effects on mean reproductive success (e.g.,
844
µ 11F = µ 11M = µ 11 .
845
We now separately consider two cases: an imprinted locus with maternal expression, and an imprinted 846 locus with paternal expression. This allows further simplification. For example, at the maternally expressed 847 locus, µ 11 = µ 12 = µ 1 , whereas at the paternally expressed locus, µ11 = µ21 = µ 1 .
848
Recalling that our values for µ were normalized such that the expected mean reproductive output for the 849 population as a whole (and for males and females separately) is one, for the maternally expressed case our 850 expressions for the reproductive means are 851 µ 1F = µ 1M = q 1 µ 1 + q 2 2 (µ 1 + µ 2 ) = 1 + µ 1 2 µ 2F = µ 2M = q 2 µ 2 + q 1 2 (µ 1 + µ 2 ) = 1 + µ 2 2 µ 1 * = µ 1 µ 2 * = µ 2 µ * 1 = µ * 2 = q 1 µ 1 + q 2 µ 2 = 1 (S37)
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This simplifies our effective fitness expressions to 852 w 1m = 1 2
We can also simplify our expressions for reproductive variance. First, we introduce the simplifications 1 2 (1 + µ 1 ) 2 − (1 + µ 1 ) 2
(1 + q 1 )σ 2 1 + q 2 σ 2 2 N − µ 2 1 (1 + q 1 )(σ 2 1 − ∆σ 2 1 ) + q 2 (σ 2 2 − ∆σ 2 2 ) 2N
−
(1 + q 1 )(σ 2 1 + ∆σ 2 1 ) + q 2 (σ 2 2 + ∆σ 2 2 ) 2N w 2m = 1 2 1 2 (1 + µ 2 ) 2 − (1 + µ 2 ) 2 q 1 σ 2 1 + (1 + q 2 )σ 2 2 N − µ 2 2 (1 + q 2 )(σ 2 2 − ∆σ 2 2 ) + q 1 (σ 2 1 − ∆σ 2 1 ) 2N
(1 + q 2 )(σ 2 2 + ∆σ 2 2 ) + q 2 (σ 2 1 + ∆σ 2 1 ) 2N
(S41)
We can contrast these results with the analogous equations for alleles at a paternally expressed imprinted 859 locus. The first terms of the fitness expressions are identical for the two cases. However, the last two terms 860 30/31 differ in each case. In the maternally expressed case above, the µ 2 1 and µ 2 2 terms are multiplied by the 861 reproductive variances in females. In the paternally expressed case below, these squared mean terms are 862 multiplied by the reproductive variance in males. 863 w 1p = 1 2 1 2 (1 + µ 1 ) 2 − (1 + µ 1 ) 2
(1 + q 1 )σ 2 1 + q 2 σ 2 2 N − (1 + q 1 )(σ 2 1 − ∆σ 2 1 ) + q 2 (σ 2 2 − ∆σ 2 2 ) 2N − µ 2 1 (1 + q 1 )(σ 2 1 + ∆σ 2 1 ) + q 2 (σ 2 2 + ∆σ 2 2 ) 2N w 2p = 1 2 1 2 (1 + µ 2 ) 2 − (1 + µ 2 ) 2 q 1 σ 2 1 + (1 + q 2 )σ 2 2 N − (1 + q 2 )(σ 2 2 − ∆σ 2 2 ) + q 1 (σ 2 1 − ∆σ 2 1 ) 2N − µ 2 2 (1 + q 2 )(σ 2 2 + ∆σ 2 2 ) + q 2 (σ 2 1 + ∆σ 2 1 ) 2N (S42) Now, a final substitution will facilitate direct comparison of these results. We set µ 2 1 = 1 + s 2 and 864 µ 2 2 = 1 − s 2 . We can then compare the selective advantage of allele A 1 over A 2 at a maternally expressed 865 locus with the advantage of a similar allele at a paternally expressed locus. That is, we consider 866 w 1m − w 2m − (w 1p − w 2p ) = − s 2 (1 + q 1 )(σ 2 1 − ∆σ 2 1 ) + q 2 (σ 2 2 − ∆σ 2 2 ) 4N − s 2 (1 + q 2 )(σ 2 2 − ∆σ 2 2 ) + q 1 (σ 2 1 − ∆σ 2 1 ) 4N + s 2 (1 + q 1 )(σ 2 1 + ∆σ 2 1 ) + q 2 (σ 2 2 + ∆σ 2 2 ) 4N + s 2 (1 + q 2 )(σ 2 2 + ∆σ 2 2 ) + q 2 (σ 2 1 + ∆σ 2 1 ) 4N (S43) which reduces to 867 w 1m − w 2m − (w 1p − w 2p ) = µ 2 1 − µ 2 2
4N
(1 + 2q 1 )(∆σ 2 1 ) + (1 + 2q 2 )(∆σ 2 2 ) (S44)
If males have a higher variance of reproductive success than females, as is most often the case, the terms ∆σ 2 1 868 and ∆σ 2 2 will be positive. That means that, in terms of the relative benefits of increased mean and reduced 869 variance, the benefits of increased mean reproductive success are greater for alleles when they are maternally 870 inherited than when they are paternally inherited.
